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1.0 SUMMARY 

Tes t ing  t o  determine the e f f e c t s  of j o i n t  f reeplay  and pretensioning 
of diagonal members on the dynamic cha rac t e r i s t i c s  of the box t r u s s  
space s t ruc tu re  was first proposed by Martin Marietta Denver 
Aerospace on i ts  Independent Research and Development (IR&D) p ro j ec t  
D-54D. A test article f o r  t h i s  purpose w a s  designed and b u i l t  under 
D-54D. The test  ar t ic le  consis ted of t en  bays of planar  truss, each 
measuring 2 meters per  s ide ,  suspended by long wires a t  each j o i n t .  
Each s ide  was made of square aluminum tubing, and a l l  corner  f i t t i n g s  
were made of cast aluminum. Pins  of varying s i z e  were used t o  
assemble the truss thereby simulating var ious j o i n t  f reeplay  
condi t ions.  
no f reeplay  condition. Single ,  unloaded tube diagonals were 
interchangeable with dual ,  tensioned steel rod diagonals. Modal 
analyses  of the  suspended tube diagonal configurat ion were conducted 
under D-54D and used t o  ca l cu la t e  frequency response func t ions  
simulating proposed test  condi t ions f o r  the  purpose of evaluat ing the  
suspension system. A preliminary single-point random exc i t a t ion  of 
t he  test art icle a l s o  was conducted f o r  t h i s  purpose. This completed 
t h e  pro jec t  D-54D e f f o r t .  

Martin Marietta w a s  then awarded a contract  (Task 4 of NAS 1-17551) 
t o  test the  D-54D-developed test article. This document r epor t s  t h e  
r e s u l t s  of t h a t  task.  The object ive of the  task  was t o  quant i fy  the  
e f f e c t  of j o i n t  f reeplay on a multi-bay s t a t i c a l l y  determinate truss, 
and then assess the  e f f e c t s  when the s t r u c t u r e  is modified t o  
incorporate  pretensioned diagonals  producing a s t a t i c a l l y  
indeterminate truss. It was a l s o  desirable  t o  assess the e f f e c t s  of 
l e v e l s  of dynamic load on the  dynamic performance of the  truss. 
Test ing of four  t r u s s  configurat ions w a s  specif ied:  

All j o i n t s  could be shimmed and bolted t i g h t  t o  assure  a 

1. Truss with t i g h t  j o i n t s  

2. 

3. 

Truss with j o i n t s  having normal f reeplay  

T r u s s  with j o i n t s  having excessive f reeplay  ( three  times o r  
more than normal f reeplay)  

T r u s s  with normal f reeplay  and cross-tension diagonals  4. 

The effect  of magnitude of dynamic load was t o  be assessed f o r  each 
test .  

Table 1 summarizes the r e s u l t s  of these tests and presents  the  
a n a l y t i c a l l y  predicted values  of the f i r s t  two global  modes of both 
t h e  tube and tension diagonal configurations. 



Table 1 Summary of First and Second Global Bending Mode Frequencies 
I 
1 

TEST 
CASE CONFIGURATION DESCRIPTION 

1st BENDING 2nd BENDING 
FREQUENCY FREQUENCY 
(Hz) (Hz) I 

Predicted for FEM Analysis of Tube Diagonal 19.3 46.3 
Configuration 

1. Tube Diagonals with Tight Joints 20.0 55.84 

2. Tube Diagonals with Normal Freeplay (1 mil) 17.72 51.59 
I 

3.  Tube Diagonals with Excessive Freeplay ( 3  mil) * * I 
I 

Predicted for FEM Analysis of Tension 17.3 59-48 
Diagonals Configuration 

4a. Tension Diagonals with Tight Joints 16.88 * 

4b. Tension Diagonals with Normal Freeplay (1 mil) 15.47 49.75 

* Could not be determined by test. 
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The f irst  item i n  Table 1 i s  the  ana ly t i ca l  p red ic t ion  of the  1st and 
2nd global  t r u s s  bending mode. These frequencies were obtained from 
a f i n i t e  element model (FEM) re f l ec t ing  the  tube diagonal 
configurat ion.  Program FINEL, i n  Martin Mar ie t ta ' s  FORMA Library,  
was used t o  generate t h i s  FEM. A l l  j o i n t s  had 6 degrees of freedom 
with fixed boundaries ( i . e . ,  no pinned j o i n t s ) .  
the  measured weight of t r u s s  par t s ,  including accelerometers. Many 
o ther  modes were obtained from t h i s  FEN. Some of them were 
suspension system modes and out-of-plane modes ( i . e . ,  motion 
perpendicular t o  the  d i r ec t ion  of exc i ta t ion) .  Many o thers  were 
in-plane modes whose apparent shapes are s imi l a r  t o  e i t h e r  the  first 
o r  second bending modes and whose frequencies ranged anywhere from 
s l i g h t l y  above (e.g., 22.8 Hz) the first bending mode frequency t o  
well above (e.g., 57.5 Hz) the second bending mode frequency. Review 
of the s t r a i n  energy d i s t r i b u t i o n  among the  elements of the  model i n  
each mode revealed t h a t  these modes were pr imari ly  l o c a l  element 
bending ( a s  opposed t o  global t ru s s  bending). This  p r o l i f e r a t i o n  of 
modes e x i s t s  because the  pinned-pinned frequency (19.9 Hz) of every 
2-meter length of t r u s s  was close t o  the  predicted first global  
bending mode frequency. This condition allows t h e  ro t a t ion  of j o i n t s  
i n  the  global  modes t o  dr ive  loca l  bending motions. Because t h i s  
phenomenon depends upon unknown and time var iab le  boundary condi t ions 
a t  a l l  j o i n t s ,  co r re l a t ion  of analyses with t e s t  r e s u l t s  was not 
successful  a t  frequencies where local /global  coupling occurred. 
Q u a l i t a t i v e  co r re l a t ion  under these condi t ions i s  discussed l a t e r  i n  
t h i s  report .  

A s  seen i n  Table 1, the  first bending frequency of t he  t i g h t  j o i n t  
configurat ion t e s t  r e s u l t  agrees  well with the  predicted value. 
second mode frequency i s  high, but loca l /g loba l  coupling is  the  
probable cause. 
f reeplay configurat ion decreased t o  17.72 Hz. This value is i n  
agreement with the modal f reeplay predic t ion  method described i n  the  
repor t .  The second mode a l so  decreased i n  frequency, but i t  was not 
possible  t o  t e l l  whether t h i s  was due d i r e c t l y  t o  f reeplay  
( t r a n s l a t i o n  e f f e c t s )  o r  due t o  local /global  coupling changes (moment 
e f f e c t s )  associated with the change from t i g h t  t o  f reeplay  boundary 
conditions. 

Mass data  r e f l ec t ed  

The 

The f i rs t  measured bending frequency of the  normal 

No modal c h a r a c t e r i s t i c s  could be iden t i f i ed  when excessive f reeplay  
was present. 

Two tension diagonal configurations were tes ted  (cases  4a and 4b of 
Table 1). In  both cases  the f i rs t  bending frequency was much lower 
than could be j u s t i f i e d  by analysis.  The predicted frequencies of 
the  tension diagonals configuration a l s o  are shown i n  Table 1. The 
absence of any test  observed second mode f o r  case 4a could not  be 
explained. The second bending frequency f o r  case 4b was cons i s t en t  
with first mode frequency drop; but ,  l i k e  a l l  second mode da ta  
r e s u l t s ,  was obfuscated by local /global  coupling e f f ec t s .  

3 



The following conclusions and recommendation were made: 

Conclusions 

The t e s t  a r t i c l e  exhibi ted a mult i tude of loca l /g loba l  coupling 
modes. 

Instrumentation was i n s u f f i c i e n t  t o  i d e n t i f y  a l l  modes. 

Local/global coupling prevented theoretical/experimental 
cor re l a t ion  improvement of modes t h a t  were iden t i f i ed .  

Su f f i c i en t  da t a  were obtained t o  evaluate  the  Martin 
Marietta-developed modal f reeplay  methodology of pred ic t ing  j o i n t  
f reeplay  effects.  

Assessment of the e f f e c t s  of pretensioned diagonals was impeded 
by loca l /g loba l  coupling e f f e c t s .  

Qua l i ty  of t e s t  da ta  d i d  not allow i d e n t i f i c a t i o n  of r e l i a b l e  
modal damping values. 

Recommendations 

0 Design fu ture  l a rge  space s t r u c t u r e s  (LSS) tests s o  t h a t  r a t i o s  
of l oca l  bending frequency/global bending frequency a r e  the  same 
f o r  t es t  a r t i c l e  and prototype. 

0 Avoid LSS designs having l o c a l  bending frequencies i n  the  range 
of global  modes whose shape o r  v ib ra t ion  amplitude must be 
control led.  

4 



2.0 INTRODUCTION AND OBJECTIVES 

I 

The processes by which aerospace s t ruc tures  are s ized t o  withstand 
operat ional  loads and by which control systems a r e  designed usua l ly  
involve the ca lcu la t ion  and use of modal c h a r a c t e r i s t i c s  of that 
s t ruc tu re .  In  order  f o r  t h i s  process t o  be va l id ,  i t  i s  necessary 
that the structure behave i n  a reasonably l i n e a r  manner over t he  
range of operat ional  loads ,  because the ana lys i s  by which modal 
c h a r a c t e r i s t i c s  are determined is  based on the assumption of 
l i n e a r i t y .  
under considerat ion w i l l  be composed, i n  p a r t ,  of truss s t ruc tu res  of 
some type. 
Some f r e e p l a y  i n  j o i n t s  of deployable trusses may be required t o  
permit smooth deployment using low dr ive  force  deployment mechanisms. 
For e rec tab le  s t ruc tu res ,  j o i n t  freeplay may be required t o  f a c i l i -  
t a t e  assembly i n  space. It is obvious that the presence of f reeplay  
i n  j o i n t s  w i l l  v io l a t e  the assumption of l i n e a r i t y ,  thereby degrading 
the v a l i d i t y  of a n a l y t i c a l l y  predicted modal c h a r a c t e r i s t i c s  t o  some 
exten t .  Jo in ts  having post deployment/erection t ightening f ea tu res  
t o  e l iminate  f reeplay have been proposed, but the d o l l a r  and weight 
c o s t s  of such designs a r e  not negl igible .  
o r  not these more expensive jo in t  designs are required,  i t  is 
necessary t o  dynamically test representat ive t r u s s  s t ruc tu res  t o  
measure the  change i n  modal cha rac t e r i s t i c s  caused by j o i n t  f reeplay.  

Therefore, the object ive of the task performed under cont rac t  NAS 
1-17551 and described i n  this report  was twofold. The primary 
objec t ive  w a s  t o  dynamically t e s t  a planar  box t r u s s  t o  quant i fy  the  
e f f e c t s  of j o i n t  f reeplay and member preload on the dynamic 
parameters. The secondary object ive was t o  enhance the understanding 
of a n a l y t i c a l  methods t o  predict  the dynamic performance of such 
t rus ses  . 

However, many l a r g e  space structures (LSS) cur ren t ly  

These trusses w i l l  be deployable o r  e rec tab le  i n  space. 

I n  order  t o  decide whether 

Contents of the report  a r e  organized i n  the  following manner: 
Section 3 contains  a descr ip t ion  of the test ar t ic le  and the design 
e f f o r t  accomplished under Martin Marietta Denver Aerospace 
Independent Research and Development Pro jec t  D-54D. The a n a l y t i c a l  
model generated t o  pred ic t  test resul ts  and f o r  t h e o r e t i c a l l  
a n a l y t i c a l  co r re l a t ion  s tud ie s  is  discussed i n  Sect ion 4. A very 
br ie f  descr ip t ion  of the test setup and da ta  reduction methods is 
presented i n  Section 5. 
presented and discussed. F i n a l l y ,  conclusions and recommendations 
are s t a t ed  i n  Section 7. 

I n  Section 6 ,  the  resul ts  of each test  are 
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3.0 DESIGN OF TEST ARTICLE 

3.1 Description of T e s t  S t ruc tures  

The representa t ive  truss s t ruc tu re  se lec ted  f o r  tes t  w a s  designed and 
fabr ica ted  under the  Martin Marietta Denver Division Independent 
Research and Development (IR&D) pro jec t  D-54D e n t i t l e d  "Large Space 
S t ruc tures  Design and Analysis ."  This s ec t ion  presents  the  dynamic 
test art icle progress from that IR&D pro jec t .  

The t r u s s  design was a 20-meter-long planar beam made up of t e n  bays, 
2x2 meters each (Figures 1 and 2). 
length-by-depth r a t i o  t o  ensure that the test  model would behave as a 
r e a l i s t i c  beam (with r a t i o s  of bending and shear  s t r a i n  similar t o  
ac tua l  l a rge  s t ruc tu res ) .  
a r t i c l e  had a representat ive number of j o i n t s ,  i .e.,  the  dynamic 
response of the s t ruc tu re  would be highly dependent on j o i n t  behavior. 

The test art icle was designed and b u i l t  t o  have interchangeable 
diagonal braces,  i .e.,  a s ing le  tension-compression member per bay 
making the truss s t a t i c a l l y  determinate,  o r  two tension-only members 
per  bay making the  truss s ta t ica l ly  indeterminate.  In  addi t ion ,  the  
end f i t t i n g s  were designed t o  accommodate various diameters of 
fas teners  and pins t o  allow the  amount of f reeplay i n  the truss t o  be 
changed. With these  two design f ea tu res ,  the  test  ar t ic le  can be 
modified so t h a t  f i v e  dynamic models can be t e s t ed .  The models are: 
(1) s t a t i c a l l y  determinate truss with no freeplay;  (2)  s t a t i c a l l y  
determinate t r u s s  with normal f reeplay f o r  a deployable tNss, i.e.,  
1 t o  3 m i l s  f reep lay  a t  each j o i n t ;  (3)  s t a t i ca l ly  determinate truss 
with excessive freeplay,  i .e.,  3 t o  6 m i l s  f reeplay a t  each j o i n t ;  
(4) s t a t i c a l l y  indeterminate,  tension diagonal truss with no 
freeplay;  and (5) s ta t ica l ly  indeterminate tension diagonal t r u s s  
with normal f reeplay.  

This  beam provided a s u f f i c i e n t  

Also, the  t e n  bays ensured t h a t  the  tes t  

Figures 1 and 2 show two of the dynamic test models. 
the dynamic test model with s ing le  diagonal braces and clamped 
end-f i t t ings t o  assure  no freeplay.  Figure 2 is t he  dynamic test 
model with tensioned diagonals and end-f i t t ing  f a s t ene r s  that provide 
between 1 and 3 m i l s  f reeplay.  As shown i n  the  f igures ,  the test 
art icle w a s  fabr ica ted  using component designs i d e n t i c a l  t o  the  
ac tua l  box-truss s t ruc ture .  However, f o r  cos t  reasons,  aluminum and 
steel were used r a the r  than graphite/epoxy, which is planned f o r  
f l i g h t  systems. 

Figure 1 shows 
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F i g u r e  1 20-Meter T r u s s  Model w i t h  Tube Diagonals 
7 
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Figure 2 20-Meter Truss Model with Tensioned Diagonals 
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The corner f i t t i n g s  d5U4en&,fLstings are c a s t  aluminum p a r t s  and were 
designed t o  be funct ional ly  ident ica l  t o  the  f l i g h t  design (Figure 
3) .  The aluminum tubing i s  l-inch square aluminum extrusion with 
0.05-inch wall. The tension diagonals used 0.1875-inch diameter 
steel  rod. 
was approximately half  t h a t  of the aluminum tubing. Therefore, the  
s t a t i c a l l y  determinate model using a s ing le  aluminum diagonal and the 
s t a t i c a l l y  indeterminate model using pairs of tensioned steel 
diagonals w i l l  have the same na tura l  frequency. A simple and 
cost-effect ive method t o  allow tensioning of the steel diagonals w a s  
employed by threading opposing ends of the rods with right-hand and 
left-hand threads.  

Analyses t o  Support Test Plan 

I n  addi t ion  t o  designing and building the test art icle,  a test plan 
was completed i n  1985 that defined the test f i x t u r e  and t e s t i n g  
requirements t o  assure  s u f f i c i e n t  resolut ion of t e s t  measurements and 
t o  iden t i fy  and character ize  the  frequency, mode shape and damping. 
This included using a finite-element a n a l y t i c a l  model and an  ac tua l  
random vibra t ion  test  of the t e s t  a r t i c l e  t o  ve r i fy  the test f i x t u r e  
design. 

TO design the  test f i x t u r e ,  the following design requirements were 
considered: 

The s t e e l  rod was sized such that the s p e c i f i c  s t i f f n e s s  

This produced a turnbuckle type of design. 

3 . 2  

1 )  The test f i x t u r e  must simulate zero-g support environment t o  
minimize the e f f e c t  of grav i ty  on j o i n t  f reeplay.  

2)  The t e s t  f i x t u r e  must provide a method t o  assure  the  t r u s s  is 
planar,  thereby reducing any out-of-plane motions when the truss 
i s  exci ted inplane. 

The t e s t  f i x t u r e ' s  na tu ra l  frequency must be out of the range of 
the modal frequencies t o  be measured f o r  the truss. 

3)  

TO meet these requirements, a suspension system of 22, 0.013-inch 
diameter, piano wires w a s  chosen (one w i r e  per  corner  f i t t i n g ) .  
suspension system allows the t r u s s  t o  be hung p a r a l l e l  t o  the ground 
and provides a near zero-g support system. 
approximately 15 f e e t  long assured that the na tu ra l  frequency of the 
suspension system was f a r  less t h a n  the na tu ra l  frequency of the  
truss. To assure the t r u s s  could be hung planar  t o  within 
+ 0.02 inch, each piano w i r e  was soldered t o  a n  adjustment screw 
TFigure 3) .  

This 

Making each wire 

Using a finite-element model of the truss, analyses  of the suspension 
system and t e s t i n g  requirements were performed. 
model consis ted of 6-DOF beam elements t o  represent  the  aluminum 
truss members. 
masses a t  the node points.  The piano w i r e  suspension system was 
modeled as axial-only rod elements. 
model. Modifications of t h i s  initial finite-element model were made 
t o  assess truss s e n s i t i v i t y  with respect t o  the  following 
imperfections: 

The f ini te-element  

The 22 corner f i t t i n g s  were accounted for by lumped 

Figure 4 shows the  r e su l t i ng  
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Figure 3 Corner F i t t i n g  Showing Accelerometer Placement, 
Theodolite Target and Adjustment Mechanism 
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1) The rod elements represent ing the suspension system were not 
perpendicular t o  the t r u s s  plane. 

The node points  represent ing the corner f i t t i n g  loca t ions  were 
out of plane by 2 0.02 inch. 

2) 

Because previous analyses of la rge  box t r u s s  space s t ruc tu res  showed 
t h a t  pinned boundary conditions on the ind iv idua l  elements of a 
f i n i t e  element model (FEM) were s u f f i c i e n t  t o  represent  the  modal 
c h a r a c t e r i s t i c s  of the s t ruc tu re  i n  the low frequency band, the t e s t  
s t ruc tu re  was modeled with beam elements pinned about the Z ax i s .  
(See Figure 4 . )  The beam elements were f ixed  (not pinned) about t h e  
Y ax i s ,  because element bending and a x i a l  elongation of the  
suspension wires provided the only s t i f f n e s s  i n  the  X ,  Z plane. 

Figure 5 shows the f i r s t  four  mode shapes and frequencies of 
v ibra t ion  i n  the  X ,  Y plane. 
type of motion w i l l  be referred t o  as in-plane motion. Analyt ical  
simulation of the imperfections noted above had very l i t t l e  inf luence  
on these modal cha rac t e r i s t i c s .  A s  indicated i n  Figure 5,  these  four  
in-plane modes a re  modes 26, 61, 72 and 83, a small subset  of a l a rge  
Set of modes. The modes tha t  a r e  not shown a r e  e i t h e r  low frequency, 
r i g i d  t r u s s ,  suspension system modes or out-of-plane modes. 

(See Figure 4 f o r  coordinates . )  This 

TO evaluate  the out-of-plane response due t o  in-plane exc i t a t ion ,  the 
frequency response of a l l  modes of the s t ruc tu re ,  up t o  80 Hz, was 
calculated (2% damping was assumed). 
plane (Figure 6-a) and out-of-plane (Figure 6-b) responses a t  node 2 
due t o  exc i ta t ion  i n  the Y d i r ec t ion  a t  node 13. (See Figure 4 f o r  
node numbers.) 
t h ree  orders of magnitude lower than in-plane response. The modes 
were recalculated,  modeling beams as f ixed ends (no p ins ) ,  and the  
same frequency responses were generated. Similar  r a t i o s  of in -  and 
out-of-plane amplitudes were obtained. Note t h a t  only mode 26, a t  
19.9 Hz; mode 61, a t  44.4 Hz; and mode 72 a t  71.1 Hz were predicted 
t o  contr ibute  t o  in-plane response. 

Figure 6 shows typ ica l  i n -  

Out-of-plane response was predicted t o  be genera l ly  

I n  addi t ion  t o  ver i fying the suspension system design, the modal 
ana lys i s  was used t o  determine placement of the accelerometers and 
dr ive  points  on the  t ru s s .  Figure 4 shows the loca t ions  of each 
accelerometer. A t o t a l  of 22 l i n e a r  accelerometers,  14 in-plane and 
8 out-of-plane, were used. Fabricat ion of the test a r t i c l e  under 
D-54D funding proceeded on the bas i s  of t h i s  ana lys i s .  

The f i n a l  D-54D e f f o r t  on the box t r u s s  t e s t  s t r u c t u r e  was the random 
vibra t ion  t e s t  t o  measure the ac tua l  response of the  s t r u c t u r e  and 
ve r i fy  the pred ic t ion  of small coupling between the  X ,  Y ,  and XZ 
planes.  Table 2 shows the r e s u l t s  of t h a t  test. 

1 2  



Figure 5 Analytical Mode Shapes and Frequencies 
Tube Diagonals, No Freeplay, A l l  Pinned Joints 
(All  Axial Strain Energy) 
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Table 2 Transfer Function Magnitudes a t  19.9 Hz 

In-Plane 

Lccelerometer 

1Y 
2Y 
3Y 
4Y 
5Y 
6Y 
7Y 
8Y 
9Y 

- OY 
L 1Y 
L2Y 

L3Y (Drive Point) 

~ ~~ 

Magnitude 
in.  l l b  

0.066 
0.072 
0.005 
0.005 
0.043 
0.043 
0.044 
0.045 
0.004 
0.006 
0.062 
0.067 
0.046 

~ 

Out-Of -Plane 
~ 

Accelerometer 

12 

22 
-- 
-- 
52 
62 
72 
82 
-- 
-- 
112 

122 
-- 

Magnitude 
in .  /lb 

0.0002 
0.0006 
-- 
-- 
0.004 

0.004 
0.002 
0.002 
-- 
-- 

0.004 
0.000 
-- 

VOTE: Accelerometer locations are shown in Figure 4 
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4.0 DISCUSSION OF THE ANALYTICAL MODELS 

A s  pa r t  of the e f f o r t  under contract ,  the  tube diagonal t r u s s  
s t ruc tu re  was weighed, the f i n i t e  element model (FEM) was corrected 
t o  r e f l e c t  t h i s  weight, and the modal c h a r a c t e r i s t i c s  were 
recalculated.  (Accelerometers and attachment block weights were 
included i n  t h i s  model.) Again, two models were generated. One 
represented the ends of a l l  elements as pinned j o i n t s .  The o ther  
represented the ends of a l l  elements as fixed j o i n t s  (no p ins) .  The 
FEM input d a t a  f o r  t h i s  model i s  i n  Appendix A. This covered the 
f u l l  range of possible  end conditions but d i d  not cover intermediate  
condi t ions,  some j o i n t s  f ixed ,  some pinned. The pinned-end model 
r e s u l t s  a l ready have been shown i n  Figure 5. 
pins)  r e s u l t s  a r e  shown i n  Figure 7. 
the pinned-end model r e s u l t s ,  only t h a t  subset of in-plane modes a r e  
presented. 
model r e s u l t s  is  the g rea t  increase i n  the  number of in-plane modes 
r e su l t i ng  from f ix ing  the elements at the j o i n t s .  This condi t ion was 
first observed on t h i s  t e s t  a r t i c l e  when comparison of t e s t  r e s u l t s  
with ana ly t i ca l  predict ions began. The reason f o r  t h i s  d i f fe rence  i n  
fixed- vs.  pinned-end modes is discussed here t o  avoid d is rupt ing  
cont inui ty  of the discussion of t e s t  r e s u l t s  t h a t  w i l l  follow. 

The fixed-end model (no 
A s  noted i n  the discussion of 

The obvious difference between pinned- and fixed-end 

The f i r s t  s t e p  i n  understanding the fixed-end modes i s  t o  observe 
t h a t  there  appear t o  be severa l  f i r s t  and second beam bending type 
modes. Because mode shapes a r e  unique, a l l  but one first and second 
mode shape must represent some other type of motion. It was 
determined tha t  the o ther  type of motion cons i s t s  of l oca l  bending of 
the elements of the  t ru s s .  This is not observable i n  the mode shape 
p lo t s ,  because only t r ans l a t ion  displacements a r e  p lo t t ed ,  and the  
model has degrees of freedom (DOF) only a t  the  j o i n t s  of the  
s t ruc tu re .  
f ixed ends model-shows r e l a t i v e l y  l a rge  ro ta t ions  a t  j o i n t s  i n  those 
modes t h a t  represent  pr imari ly  local  bending. An a l t e r n a t i v e  way t o  
iden t i fy  the type of mode i s  t o  ca lcu la te  and review the  percentage 
of a x i a l ,  to rs iona l ,  and bending (about Y and Z axes i n  Figure 4) 
s t r a i n  energy i n  each element of each mode. 
method were f i r s t  developed under Martin Mariet ta  Denver Aerospace 
IR&D pro jec t  D-28R and published as "Eigensolution Sens i t i v i ty  t o  
Parametric Model Pertubations" i n  the  Shock and Vibration Bu l l e t in  
No. 46, Pa r t  5,  August 1976. Later, t h i s  s t r a i n  energy method was 
appl ied,  again under Martin Mariet ta 's  p ro jec t  D-28R, t o  develop 
"Design Criteria t o  Assure Pinned-End Truss Behavior Below Selected 
Frequency", published as IR&D report R84-48628-001, November 26, 
1985. 

A review of the pr intout  of modal amplitudes f o r  the  

The d e t a i l s  of t h i s  

This s t r a i n  energy method can be summarized as follows: 
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Figure 7 Analyt ical  Mode Shapes, Frequencies, and S t r a i n  Energy 
Tube Diagonals, N o  Freeplay, Fixed Ends (No Pinning) 
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Tota l  s t r a i n  energy, SE, per  un i t  defect ion of the i t h  modal 
coordinate  is 

Note that the s t r a i n  energy i n  any element can be f u r t h e r  
subdivided t o  ind ica t e  d i r ec t ion  of s t r a i n ,  e.g. beam s t r a i n  
energy can be subdivided i n t o  a x i a l ,  t o r s iona l  and bending 
components. 

The inf luence that any j t h  element, or subset of elements, has  on 
determining the  frequency of a given mode i s  proport ional  t o  the  
f r a c t i o n a l  pa r t  of s t r a i n  energy contained i n  that element o r  
subset of elements. 

Therefore, i f  a beam element of a t r u s s  FEM, modeled with f ixed  
ends, contains  only a x i a l  s t r a i n  energy i n  a mode, the  r o t a t i o n a l  
f i x i t y  condi t ions a t  j o i n t s  are  not important. 
appear as the same m o d e  shape and frequency with e i t h e r  f ixed-  or 
pinned-end jo in ts .  This  i s  the case f o r  f irst  global  mode of the  
box t r u s s  being t e s t ed  as seen by comparing mode 26 i n  Figure 5 
with mode 26 of Figure 7. 

That mode w i l l  

Conversely, i f  a beam element of a t r u s s  FEM, modelled with f ixed  
ends, conta ins  pr imari ly  bending s t r a i n  energy i n  a mode, t he  
r o t a t i o n a l  f i x i t y  condi t ions a t  j o i n t s  determine the  frequency of 
the  mode and element bending is  the  primary type of modal motion. 
Consequently, i f  that same model i s  revised t o  represent  pinned- 
end elements, no element bending modes w i l l  be predicted.  
case a l s o  is exhibi ted by the  test ar t ic le  as is evident  by many 
element bending modes predicted by the  fixed-end model i n  Figure 
7 and not predicted by the pinned-end model of Figure 5. 

This 

The bending frequencies  of the  Z-meter t r u s s  elements ( see  Sec t ion  3 
f o r  dimensions) wi th  pinned-pinned and free-free end condi t ions were 
ca lcu la ted  t o  be 19.9 Hz and 45.2 Hz, respect ively.  The behavior of 
any element, when o s c i l l a t i n g  i n  a global  mode, should r e f l e c t  
boundary condi t ions somewhere i n  t h i s  frequency range. Although t h e  
a n a l y s i s  (Figure 7) does not consider such non l inea r i t i e s  as 
va r i a t ions  of boundary condi t ions and o s c i l l a t i n g  end load effects on 
element bending frequencies ,  t h e  beginning of in-plane coupling 
e f f e c t s  f i r s t  become evident a t  22.834 Hz (mode 31). 
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So far,  t h i s  s ec t ion  has discussed only the  tube diagonal configur- 
a t ion .  An ana lys i s  of the tension diagonal configurat ion was a l s o  
performed. 
tube diagonals with two s t e e l  rod diagonals having a f i t t i n g  mass a t  
the diagonal i n t e r sec t ion  point .  The combined s t i f f n e s s  of two s t e e l  
rods was intended t o  be equal t o  the s t i f f n e s s  of a s ing le  aluminum 
tube, SO t ha t  in-plane behavior of the tension diagonal configurat ion 
would be the same as t h a t  of the  tube diagonal configurat ion.  
However, s tock 3/16-inch s t e e l  rod was used f o r  economy and the  
measured weight of the t r u s s  was 6.6 l b s  heavier  than the  aluminum 
diagonal configuration. AS a r e s u l t ,  the  f i r s t  and second global  
bending frequencies of tension diagonal configurat ion were 17.3 Hz 
and 53.48 Hz, respect ively.  The PEM input  da ta  f o r  t h i s  model is  i n  
Appendix B. Out-of-plane modes a r e  d i f f e r e n t  because of the 
addi t iona l  nodes a t  the rod in t e r sec t ions .  Because only in-plane 
motion i s  relevant  f o r  test co r re l a t ion ,  the a n a l y t i c a l  mode shape 
da ta  of Figure 7 is  appl icable  f o r  both the  tube and tens ion  diagonal 
configurat ions.  

The FEN was modified by replacing the  s ing le  aluminum 

The s t r a i n  energy d i s t r i b u t i o n  was not calculated f o r  t he  pinned-end 
model because a l l  energy must be a x i a l  with pinned ends. The s t r a i n  
energy d i s t r i b u t i o n  was calculated f o r  the fixed-end model, and +he 
r e s u l t s  a r e  summarized a s  the percentage (%) values shown i n  
Figure 7. Note tha t  most modes shown a r e  s t rongly in-plane element 
bending modes (See 8 2  d i rec t ion  i n  Figure 4.) 
included i n  Figure 7 a r e  s t rongly  ey bending ( o r  a x i a l  suspension) 
s t r a i n  energy modes. 

Those modes not 
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5.0 TEST SETUP AND DATA REDUCTION 

The t e s t  se tup  was the same a s  that described i n  discussion of t he  
I R & D  progress i n  Section 3. After weighing the s t ruc tu re ,  the t e s t  
configurat ion was reestabl ished on the  suspension system, and 
theodol i tes  were used t o  assure a planar  t ru s s  within + 0.02 inches 
tolerance.  

- 

A l l  accelerometers were PCB models of Type 380B02. 
i den t i f i ed  t h e i r  loca t ions  and d i rec t ions .  The modal survey was 
conducted using single-point random exci ta t ion .  
s ta te-of- the-ar t  equipment was used t o  record the response. When the  
response i n  the time domain was recorded, a magnetic tape recorder ,  
Honeywell 101 Electronics;  a Gould waveform recorder,  ampl i f ie r  Model 
13-4616-10; and a mil l imeter ,  Fluke 8810 Voltmeter were used. Some 
of the time h is tory  da ta  were then p lo t ted  on paper using a Gould 
s t r i p  char t  8-channel recorder Model 2800. 

The time h i s t o r i e s  were then fed to  a HP545K computer system where 
fast Fourier  transform calculat ions generated the r e a l  and imaginary 
components of the  complex t r ans fe r  funct ions,  accelerat ion/ input  
force ,  f o r  each measurement. State-of-the-art curve f i t  of these 
t r a n s f e r  funct ions were calculated t o  i d e n t i f y  the parameters of mode 
shapes, frequencies and modal damping. 

Figure 4 

During a l l  t e s t s ,  
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6.0 TEST RESULTS 

6.1 Test Resul ts  f o r  Box Truss with Tube Diagonals, No Freeplay 

Figure 8 shows the  absolu te  magnitude of some t y p i c a l  frequency 
response funct ions f o r  t h e  box t r u s s  with tube diagonals and no 
f reeplay ,  forced i n  the  Y d i r ec t ion  a t  node 13. A l l  scales are 
l inea r .  The abscissae of these p l o t s  show the  frequency from 0 t o  
50 Hz. The ordinate  s c a l e s  a r e  normalized t o  the  maximum value of 
the magnitude of the  t r a n s f e r  function. 
number denotes 10-3. 

The l e t t e r  m following a 

Iden t i f i ca t ion  of a p a r t i c u l a r  t r a n s f e r  func t ion  i s  given a t  t he  t o p  
of each p lo t ,  e.g., -2Y/-13Y ind ica t e s  accelerometer 2 i n  t h e  Y 
d i rec t ion / force  a t  node 13 i n  the  Y d i rec t ion .  These and o the r  
s imi l a r  t r a n s f e r  funct ions i d e n t i f y  two modes, one a t  20 Hz and one 
a t  40.61 Hz. Figure 9 shows the  corresponding t e s t  determined mode 
shapes. The first mode a t  20 Hz co r re l a t e s  well with the  
ana ly t i ca l ly  predicted first g loba l  bending mode (mode 26 of Figures 
5 o r  7) .  The 40.61 Hz t e s t  mode of  Figure 9 does not  c o r r e l a t e  i n  
frequency with any a n a l y t i c a l l y  predicted mode even though many of 
the predicted shapes t h a t  r e s u l t  from l o c a l  element bending, a s  
discussed i n  Sect ion 4.0, do co r re l a t e  t o  some exten t .  
speculate  t h a t  frequency co r re l a t ion  is  poor because end loading, due 
t o  global  motion on elements t h a t  are bending loca l ly ,  lowers the  
bending frequency both l o c a l l y  and global ly .  (For example, mode 66 of 
Figure 7 a t  46.28 Hz might be sh i f t ed  down t o  40 Hz a s  a r e s u l t  of 
t h i s  phenomenon.) However, the  amount of t es t  da ta  i s  i n s u f f i c i e n t  
t o  s ta te  t h i s  a s  a conclusion. I n  Sect ion 6.5, many of these  l o c a l  
bending type modes are iden t i f i ed .  Further  d i scuss ion  on the  
v a l i d i t y  of such data i s  presented i n  t h a t  Section. 

One can only 

Figure 10 shows the absolute  magnitude of some t y p i c a l  frequency 
response funct ions f o r  the  box t r u s s  with tube diagonals and no 
f reeplay ,  forced a t  node 14  i n  the  Y d i r ec t ion .  The absc issae  of 
these p l o t s  show the frequency from 0 t o  60 Hz, and a t h i r d  mode a t  
55.84 Hz is  evident from these  p lo t s .  Figure 11 shows the  
corresponding tes t  determined mode shape. 
second free beam bending mode and c o r r e l a t e s  i n  shape with the  second 
g loba l  in-plane mode 61 a t  44.411 Hz of Figure 5, and with seve ra l  
modes shapes of Figure 7. Mode 67 of  Figure 7 w a s  expected t o  
c o r r e l a t e  with a global  t es t  mode, r a t h e r  than any o the r ,  because 
mode 67, being 56% a x i a l  s t r a i n  energy, i s  more c lose ly  r e l a t ed  t o  
the  pinned-end r e s u l t  i n  Figure 5. 
mode 67 a t  46.29 Hz is of higher  frequency than the  pinned-end 
ana lys i s  r e s u l t  of 44.411 Hz, because the  fixed-end ana lys i s  conta ins  
bending a s  w e l l  as a x i a l  s t r a i n  energy. However, n e i t h e r  a n a l y t i c a l  
frequency is  a s  high as the t e s t  frequency of 55.84 Hz. 

The shape is t h a t  of a 

The fixed-end ana lys i s  r e s u l t  of 
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Figure 8 T e s t  Transfer Functions (Absolute Magnitude) f o r  Box Truss 
with Tube Diagonals and No Free Play,Shaker a t  Node 1 3 ,  
Y Motion 
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Figure 9 F i r s t  and Second Measured Mode f o r  Box Truss 
with Tube Diagonals and No Free Play 
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Figure 10 T e s t  Transfer Functions (Absolute Magnitude) f o r  Box Truss 
with Tube Diagonals and No Freeplay, Shaker a t  Node 1 4 ,  Y Motion 
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Figure 11 Third Measured Mode f o r  Box Truss 
with Tube Diagonals and no Free Play 
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The next best  a l t e r n a t i v e  cor re la t ion  f o r  t h i s  55.84 H z  test mode 
e x i s t s  with ana ly t i ca l  mode 73 a t  57.517 H z .  
the  shaker (node 14)  i n  mode 73 is 1.617. 
shaker i n  mode 67 is  2.485 which is  only 54% grea te r  than i n  mode 
73. Also, mode 73 i s  25% a x i a l  s t r a i n  energy. Therefore, it is  not 
unreasonable t o  speculate t h a t  mode 73, o r  some combination of modes 
67 and 73, was observed i n  the t e s t .  

The modal amplitude a t  
The modal amplitude a t  the  

A t h i rd  e f f o r t  t o  e s t ab l i sh  theoretical/experimental cor re l a t ion  w a s  
made. 
r e a l  s t ruc tu re  because beam elements were modeled from node t o  node 
with the  same area ,  whereas j o i n t  s t r u c t u r e  and end f i t t i n g s  a r e  much 
s t i f f e r  than the tubes because the i r  area i s  much grea te r .  
ana ly t i ca l  es t imate  of t h i s  e f fec t  w a s  made using the s t r a i n  energy 
method c i t ed  i n  Sect ion 4.0. This was done by est imat ing the 
increase i n  ax ia l  and bending s t i f f n e s s  due t o  the end f i t t i n g s  of 
t he  FEN members. Assuming the f l ex ib l e  length of tube is  decreased 
by 6 inches on each end, the ax ia l  s t i f f n e s s  increases  by 

The ana ly t i ca l  model was expected t o  be s o f t e r  than f o r  the  

An 

The 

The 

i . e . ,  an 18% increase.  

bending s t i f f n e s s  increases  by 

3 * 78.74 (78.74-12) = Km(1.64), i . e . ,  a 64% increase.  

a x i a l  s t ra in  energy in  mode 67 i s  56% ( s e e  Figure 7 ) .  The - 
remaining s t ra in  energy, 44%, i s  in bending. 

The s tra in  energy method calculates  the frequency s h i f t  due t o  these 
s t i f f n e s s  changes from 

* 
f67 = 46.29 41 + .18( .56)  .64( .44)  = 54.4 Hz 

which compares w e l l  with the measured 55.84 Hz. 
estimate of mode 73 frequency s h i f t  i s  

Similarly,  an 

* 
f73 57.517 41 + .64( .75)  + .18( .25)  71.03 Hz 

which i s  out of the frequency range of the observed response. 
t e s t i n g  t o  measure these and other  l o c a l  j o i n t  and end-f i t t ing  
proper t ies  has been proposed. 

Linear i ty  of the tube diagonal t r u s s  configurat ion without f reeplay  
was checked i n  two ways. F i r s t ,  the s t ruc tu re  was exci ted 
s inusoida l ly  a t  each of the modal frequencies iden t i f i ed  above by the  
s ingle-point  random exci ta t ion .  A t  each frequency, the exc i t a t ion  
force  was increased by a f ac to r  of 10, and no non-linear behavior was 
observed. Second, the t r a n s f e r  function obtained from measuring 
in-plane response a t  node 14 while forcing in-plane a t  node 13 w a s  
compared t o  t h a t  measured a t  node 13 while forcing a t  node 14 .  The 
r e s u l t ,  shown i n  Figure 12, indicates symmetry, thereby f u l f i l l i n g  
Maxwell's Reciprocity requirement for  a l i n e a r  s t ruc tu re .  Note, t h a t  
these r e s u l t s  a r e  the absolute  value of the magnitude of the t r a n s f e r  
function expressed i n  decibel  un i t s  ( i . e . ,  dB = 20 log  (G/lb). 

Future 
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Figure 1 2  Measured Transfer  Functions 
i n  Y Direct ion a t  Node 13 
and 14 
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6.2 Tes t  Resul ts  f o r  Box Truss with Tube Diagonals and 3 m i l  J o in t  
F r e ep l ay  

The second t e s t  was performed on the box truss with tube diagonals 
and 3 m i l  f reeplay a t  each j o i n t .  No modal ana lys i s  could be 
performed on t h i s  non-linear configurations. 
t yp ica l  t es t  t r a n s f e r  func t ions  fo r  the  box t r u s s  with tube diagonals  
and 3 m i l  f reeplay.  These p l o t s  correspond t o  those f o r  t h e  no 
f reeplay  case previously given i n  Figure 8. 

Figure 13 presents  

Note the amplitude of the 3 m i l  f reeplay peaks a r e  one t o  two orders  
of magnitude l e s s  than the no freeplay r e su l t s .  

Although peaks suggest the existence of a mode around 25 Hz, curve 
f i t t i n g  of the da ta  did not ident i fy  any modal cha rac t e r i s t i c s .  An 
unsuccessful attempt w a s  made t o  exc i te  the s t ruc tu re  s inusoida l ly  a t  
the  frequencies of the modes tha t  were iden t i f i ed  by t e s t i n g  the  
no-freeplay configurat ion described i n  Sec t ion  6.1. T i m e  h i s t o r i e s  
from these s inusoidal  t e s t s  (no t  shown) reveal  la rge  non l inea r i t i e s .  
This  is  why no modal cha rac t e r i s t i c s  could be detected by the  nominal 
curve f i t  process which i s  based on the  assumption of l i n e a r i t y .  

Test Resul ts  f o r  Box Truss with Tube Diagonals and 1 m i l  Jo in t  
Fre e p l  ay 

6.3 

The th i rd  t e s t  was performed on the box truss with tube diagonals and 
1 m i l  f reeplay at  each jo in t .  No modal ana lys i s  could be performed 
on t h i s  non-linear configurat ion.  
in-plane test  t r a n s f e r  funct ion f o r  t h i s  configurat ion dr iven a t  node 
13. 
previously given i n  Figure 8. 

Figure 14  ind ica t e s  two obvious modes around 18 Hz and 32 Hz. 
15 shows four  modes iden t i f i ed  by curve f i t t i n g  the t r a n s f e r  
func t ions  of Figure 14. The amplitudes a t  which the  mode shapes a re  
displayed i n  Figure 15  a r e  a r b i t r a r i l y  set  by the computer operator ,  
tending t o  imply equal importance t o  each mode shown. 
of the modes, except the second a t  17.72 Hz has considerable 
out-of-plane motion. 
t r a n s f e r  funct ions shown i n  Figure 16. This  Z motion i s  of t he  same 
magnitude a s  Y motion (Figure 14)  except i n  the region of 17.4 Hz. 
The l a rge  Z motion i n  the 12.15 Hz mode suggests t h i s  i s  more l i k e l y  
an out-of-plane than an in-plane mode. Consequently, only the second 
mode co r re l a t e s  d i r e c t l y  with mode 26 (Figure 7)  a t  19.307 He. 
o the r  modes i n  Figure 15 may be manifestat ions of o ther  in-plane 
a n a l y t i c a l  p red ic t ions  i n  Figure 7 but l o c a l  d i s t o r t i o n s ,  a s  
displayed by the four th  mode i n  Figure 15, make c e r t a i n  co r re l a t ion  
impossible. The d i f fe rence  i n  frequency between the 19.307 Hz 
ana ly t i ca l  mode and the 17.72 Hz t es t  mode is  cons is ten t  with t h e  
s h i f t  predicted by t h e  "Modal Freeplay Method" developed by Martin 
Marietta. The following discussion explains  t h i s  method. 

Figure 14 presents  t yp ica l  

These p l o t s  correspond t o  those f o r  t h e  no-freeplay case 

Figure 

Actually, each 

This  is evident i n  the corresponding 2 motion 

The 

We assess the e f f e c t  of freeplay on a mode i n  a manner similar t o  
t h a t  ol" Tiiiiosherko*. 

* S. Timoshenko: "Vibration Problems i n  Engineering." B. Van Nostrand 
Inc. ,  N e w  York, NY, 1956. 
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Figure 13 T e s t  Transfer Functions (Absolute Magnitude) f o r  Box Truss 
with Tube Diagonals and 3 m i l  Freeplay Shaker a t  Node 1 3  

8 . 8 8  18.88 28 .88  38.80 48.88 58 .88  Hz 

TRFINS DOF,SI 6 Y/  -13 Y UNITScG'S / L B F  

125.b0m 

188.88n 

7 5 . 0 0 ~ 1  

58.88n 

25 .@Om 

8 . 0 8  

8 . 8 8  18.80 28.80 38.88 48.80 58 .88  Hz 

TRRNS D O F , S :  12 Y/  -13 Y UNITScG'S / L B F  

50 .80m 

48 .Bern 

38 .88r 

28 .88n 

18.00m 

8 . 0 0  

8 - 8 0  18-08 28.80 38.88 40.88 58.88 HZ 

28 



Figure 1 4  T e s t  Transfer Functions (Absolute Magnitude) f o r  Box Truss 
with Tube Diagonals and 1 m i l  FreeplayPShaker a t  Node 13, 
Y Motion 
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Figure 1 5  Measured Modes f o r  Box Truss with Tube Diagonals and 1 m i l  
Freeplay, Shaker a t  Node 13, Y Motion 
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Figure 1 6  T e s t  Transfer Functions (Absolute Magnitude) f o r  Box Truss 
with Tube Diagonals and 1 m i l  Freeplay, Shaker at  Node 13, 
Z Motion 
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The approach i s  an extension of the  single-degree-of-freedom ana lys i s  
of the nonlinear system (Figure 17 .a . l ) .  A mass, m y  performs 
vibrat ions between two spr ings by s l i d i n g  without f r i c t i o n  along the  
bar, AB. 
mass, m y  the var ia t ion  of the res tor ing  force with t h e  displacement 
can be represented a s  shown i n  Figure 17.a.2. The frequency of the  
vibrat ions w i l l  not only depend on the  spring constant ,  but a l s o  on 
the magnitude of the clearance,  a ,  and on the  i n i t i a l  conditions.  
Assume, f o r  instance,  that a t  the i n i t i a l  moment ( t  = 0) the  mass, m y  
is  i n  i ts  middle posi t ion and has an i n i t i a l  ve loc i ty ,  v, i n  the  
x-direction. Then, the time necessary t o  cross  the  clearance,  a ,  
w i l l  be 

Measuring the displacements from the middle posi t ion of the  

ti = a/v.  

After crossing the clearance,  the  mass, m y  comes i n  contact with t h e  
spring and fur ther  motion i n  the x-direction w i l l  be simple harmonic. 

The t i m e  d u r i n g  which t h e  ve loc i ty  of the mass is  changing from v t o  
0 (quar te r  period of the simple harmonic motion) w i l l  be 

t 2  - - q- 4 

where k is  the spring constant f o r  one spring. 
of v ibra t ion  of the mass, m y  i s  

The complete period 

‘r 

For a given magnitude of clearance,  a given mass, m y  and a given 
spring constant,  k, the period of vibrat ion depends only on the  
i n i t i a l  veloci ty ,  v. The period becomes very l a r g e  f o r  small values 
of v and decreases with increase of v, approaching the l i m i t  
T o  = 2 r  m/k (F ig .  17.a.2) when v = 03. 

Such conditions a r e  always obtained i f  there  are clearances i n  the  
system between the v ibra t ing  mass and the spring. 

If the clearances a r e  very small, t h e  period, ‘r, remains p r a c t i c a l l y  
constant f o r  the l a r g e r  par t  of the  range of the speed, v, as shown 
i n  Figure 17.a.3 by curve I. 
considerable par t  of the range of speed, v, a pronounced v a r i a t i o n  i n  
period of v ib ra t ion  takes  place (curve 11, Figure 17.a.3). 
period of vibrat ion of such a system may have any value between T = 
and T = TO. 

d- 

With an increase i n  clearance f o r  a 

The 
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Figure 17.b represents  t he  c i r c u l a r  arc shape t h a t  would be taken i f  
a l l  elements were of i d e n t i c a l  l ength  and a l l  hole  diameters were 
0.001-inch l a r g e r  than  the  diameter of the  p ins  a t  every j o i n t .  This  
f igure  a l s o  shows the shape of the  fundamental elastic mode of t h e  
same truss f o r  no f reeplay  condi t ions.  Under t h e  assumption t h a t  t he  
mode shape w i l l  be l i t t l e  a f f ec t ed  by passage through the  f reeplay 
region, an  estimate of the  "modal f reeplay" amplitude, 6,  can be 
obtained by loca t ing  the  nodes of the  elastic mode shape i n  the  
corresponding loca t ion  of the  c i r c u l a r  arc of Figure 17.b. This  
modal f reeplay i s  equivalent  t o  the  gap, a, i n  Figure 17.a . l .  
ve loc i ty  a t  the center  of the  beam can be expressed i n  terms of modal 
parameters and a s inusoida l  force  appl ied a t  some point  on the  
truss. A t  s teady-state  condi t ions,  t he  ve loc i ty  i s  

The 

Subs t i tu t ing  t h i s  ve loc i ty ,  the  modal f reeplay ,  and the  l i n e a r  model 
modal frequency i n t o  the  period equation, the  va r i a t ion  of f i r s t  mode 
period with amplitude of the appl ied force  was ca lcu la ted .  
17.c shows the r e s u l t s  f o r  1 m i l  of j o i n t  f reeplay  ( 5  E 0.01 w a s  
assumed). 

Figure 

A s  the  appl ied force  increases, t h e  f reeplay  period of o s c i l l a t i o n  
approaches that of the system without f reeplay.  The test  w a s  
conducted with random exc i t a t ion  having a 0.5 lb t o  1 l b  RMS fo rce  
from 5 Hz t o  80 Hz. Therefore, the  test  frequency of 17.72 Hz 
corresponds t o  a period of 0.0564 sec which i s  w e l l  i n  t he  range of 
the values predicted by the  modal f reeplay  method a t  the  low fo rce  
level  i n  Figure 17. c. 

Figure 18 presents  t y p i c a l  in-plane t r a n s f e r  func t ions  f o r  t h i s  
configurat ion driven a t  node 14. Modes around 18 Hz, 32 Hz, 43 Hz 
and 52 Hz are indicated by the  peak of the  t r a n s f e r  funct ions.  
Figure 1 9  l ists  the modal f requencies  i d e n t i f i e d  by curve f i t t i n g  the  
t r a n s f e r  funct ions.  Note that, except f o r  t h e  51.587 Hz, these  
frequencies  are c lose  t o  those i d e n t i f i e d  i n  Figure 1 5  from 
exc i t a t ion  a t  node 13. 
through 3, r e su l t i ng  from out-of-plane coupling, only the  51.59 HZ 
mode is shown. This  is the second global  bending mode of the  tube 
diagonal t r u s s  with 1 m i l  f reeplay which corresponds t o  the  55.84 Hz 
mode i n  Figure 11 measured without f reeplay.  

Because of the uncer ta in  q u a l i t y  of modes 1 

The decrease i n  frequency i s  cons is ten t  with the  increase  i n  
f reeplay,  but no attempt has  been made t o  pred ic t  t h i s  second mode 
frequency s h i f t  by the  modal f reeplay  method. 
t h i s  mode with a n a l y t i c a l  p red ic t ions  i s  d i f f i c u l t  f o r  t h e  same 
reasons as s t a t e d  f o r  the  55.84 Hz test  mode i n  Sect ion 6.1 p lus  t h e  
d i f f i c u l t y  introduced here by t h e  freeplay.  However, it is s t i l l  
reasonable t o  speculate  t h a t  t h e  51.59 Hz test  mode i n  Figure 19  i s  
some form o r  combination of modes 67 a t  46.29 Hz and 73 a t  57.517 Hz 
i n  Figure 7. 

Exact c o r r e l a t i o n  of 
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Figure 18 Test Transfer Functions (Absolute Magnitude) for  Box Truss 
with Tube Diagonals and 1 mil Freeplay, Shaker a t  Node 1 4 ,  
Y Motion 
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Figure 1 9  Measured Modes f o r  Box Truss with Tube Diagonals and 1 m i l  
Freeplay, Shaker a t  Node 1 4 ,  Y Motion 
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6.4 Test Resul ts  f o r  Box TNSS w i t h  Tension Diagonals and No J o i n t  
Free play 

Resul ts  discussed i n  t h i s  section are from the  f i r s t  test of the box 
truss with the s ing le  aluminum tube diagonal replaced by two steel 
rod diagonals. These diagonals were pretensioned t o  40 l b s .  The 
terminology, freeplay, i s  a misnomer f o r  the tension diagonal 
configurations,  because the tension diagonals remove freeplay by 
making the j o i n t  pins  bear against  the holes.  The more accurate  
desc r ip t ion  of the two tension diagonal configurations is clamped and 
unclamped. 
the  steel rod diagonals, with center  i n t e r s e c t i o n  f i t t i n g s ,  i n s e r t i n g  
b o l t s  1 m i l  smaller than the holes a t  a l l  j o i n t s ,  and then using 
turnbuckles t o  e s t a b l i s h  the  rod tension while monitoring c a l i b r a t e d  
s t r a i n  gauges on the  rods. The clamped configuration i s  e s t ab l i shed  
by i n s e r t i n g  shims between the  end f i t t i n g s  and the  t r u s s  members so 
that a moment can be transmitted by the j o i n t  when the b o l t s  a r e  
t ightened. With t h e  low l e v e l  of random exci ta t ion  (0.5 t o  1 l b  RMS 
from 5 t o  80 Hz), response amplitudes were not l a r g e  enought t o  
r e l i e v e  t r u s s  member preloads. 
members shown i n  Figure 4 were 40 l b  (Cos 45") = 28.3 l b s . )  

This sec t ion  presents  test r e s u l t s  of the clamped configuration. 
Figures 20 and 21 present the respective test  t r a n s f e r  functions and 
modal c h a r a c t e r i s t i c s  obtained for the  clamped (no freeplay)  tension 
diagonal configuration while forced a t  node 13. 
bending mode was i d e n t i f i e d  a t  16.881 Hz. Many o ther  "modes" were 
i d e n t i f i e d ,  a s  shown i n  the table on Figure 21, but t h e r e  was 
considerable out-of-plane d i s t o r t i o n  i n  a l l  of them. The measured 
frequency of 16.88 Hz i s  2.4% l o w e r  than the predicted 17.3 Hz 
( reference Section 4).  Although t h i s  difference i s  not grea t ,  the  
following explanations f o r  t h i s  observation were invest igated.  

F i r s t ,  because coupling of l o c a l  element bending and global  t r u s s  
bending had been observed during tube diagonal configurat ion tests , 
the  e f f e c t  of diagonal tension on bending frequency of the X-oriented 
(see Figure 4) tube members was calculated.  The textbook method of 
ca lcu la t ing  t h i s  e f f e c t  i s  

The unclamped configuration i s  e s t ab l i shed  by i n s t a l l i n g  

(Minimum preloads i n  the X o r i en ted  

A f i r s t  global 

f b  f a  41 - P/Pc 

where 

f b  

fa 

P is 40 cos 45" = 23.3 l b  

i s  the bending frequency under a x i a l  load P 

is the bending frequency with no a x i a l  load ( i . e . ,  P = 0) 

and 

PC i s  the cri t ical  buckling load of the member. 

39 



Figure 20 Test Transfer Functions 
with Tension Diagonals, 
Y Motion 
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I 
Figure 21  Measured Modes for  Box Truss with Tension Diagonals 

and No Freeplay, Shaker a t  Node 13, Y Motion 
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The c r i t i c a l  buckling load was ca lcu la ted  t o  be 376.22 lb .  A s  
discussed i n  Section 4, the pinned-pinned frequency, f a ,  of an 
element i s  19.9 He, therefore  

fb  = 19.9 4- = 19.1 HZ. 

This decrease of tube bending frequency i s  not s u f f i c i e n t  t o  cause 
the observed decrease i n  global  t r u s s  bending frequency. The second 
possible  explanation inves t iga ted  was t h a t  the  diagonal preload 
caused a decrease i n  a x i a l  s t i f f n e s s  of the  X-oriented ( see  Figure 4 )  
tube members. This was thought possible  because some curvature  of 
t he  X members i n  the X-Z plane e x i s t s  due t o  grav i ty .  
compression loading from the tens ion  diagonals increases  t h i s  
curvature t o  some exten t .  A s  t he  curvature  increases ,  the  
end-loading s t i f f n e s s  becomes more dependent on bending s t i f f n e s s  and 
less on a x i a l  s t i f f n e s s .  No textbook so lu t ion  t o  t h i s  problem could 
be found, s o  a f i n i t e  element model of the  beam with gravity-induced 
curvature was generated. An a x i a l  s t i f f n e s s  decrease of 0.5% was 
obtained from t h i s  model. This decrease was not s i g n i f i c a n t  and did 
not help explain the low observed f i r s t  global  t r u s s  bending 
frequency. Other attempts t o  explain the low frequency, such as a 
search f o r  e r r o r s  i n  the a n a l y t i c a l  model, and considerat ion of 
diagonal member s t i f f n e s s  decreases due t o  decrease of load car ry ing  
area  a t  the thread of rod ends and cen te r  f i t t i n g s  f l e x i b i l i t y ,  a l s o  
f a i l e d .  

Axial 

Figures 22 and 23 present  the respec t ive  t e s t  t r a n s f e r  funct ion and 
modal ( cha rac t e r i s t i c s  obtained f o r  the  clamped [no freeplay])  
tension diagonal configurat ion while forced a t  node 14. Many poorly 
defined modes with out-of-plane motion were iden t i f i ed  as indicated 
by the t ab le  i n  Figure 23. One typ ica l  example a t  35.14 Hz is 
p lo t ted .  Again, l o c a l  element bending coupled with global  truss 
motion is  suspected f o r  these poor r e s u l t s .  No mode shape having a 
second global t r u s s  mode shape w a s  i d e n t i f i e d .  I n  f a c t ,  no modes 
above 37.455 Hz were observed. No explanation f o r  t h i s  outcome was 
found . 

6.5 Test Resul ts  f o r  Box Truss with Tension Diagonals and 1 m i l  Jo in t  
Freeplay 

The comments on terminology ( i . e . ,  clamped vs. no f reeplay  and 
unclamped vs. 1 m i l  f reeplay)  made i n  Section 6.4 a l s o  apply here.  
This sec t ion  presents  t e s t  r e s u l t s  of the unclamped configurat ion.  
Figures 24 and 25 present the respect ive t e s t  t r a n s f e r  funct ions and 
modal c h a r a c t e r i s t i c s  obtained f o r  t he  unclamped (1 m i l  f reep lay)  
tension diagonal configurat ion while forced a t  node 13. A f i r s t  
global  bending mode w a s  i den t i f i ed  a t  15.47 Hz. This deviat ion from 
the  ana ly t i ca l ly  predicted 17.7 Hz f i r s t  global  bending frequency was 
even g r e a t e r  than t h a t  observed i n  clamped (no f reeplay)  case 
discussed i n  Sect ion 6.4. 
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Figure 22 T e s t  Transfer Functions (Absolute Magnitude) f o r  
Box Truss with Tension Diagonals, No Freeplay, 
Shaker a t  Node 14, X Motion 
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Figure 23  Measured Modes for  Box Truss with Tension Diagonals and No 
Freeplay, Shaker a t  Node 14 ,  Y Motion 
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Figure 24 T e s t  Transfer  Functions (Absolute Magnitude) f o r  
Box Truss with Tension Diagonals, 1 m i l  Freeplay, 
Shaker a t  Node 13, Y Motion 
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Figure 25 Measured Modes for  Box Truss with Tension Diagonals 
and 1 m i l  Freeplay, Shaker a t  Node 13 ,  Y Motion 
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I n  addi t ion  t o  the low frequency f i r s t  global  bending mode, four  
o ther  modes were iden t i f i ed  as  shown i n  the t ab le  i n  Figure 25. 
P l o t s  of th ree  of these are shown. 
these shapes are not w e l l  defined. However, when the shaker w a s  
moved t o  node 14, similar modes were iden t i f i ed .  
these frequencies and mode shapes. (Figure 26 shows the corresponding 
test  t r a n s f e r  funct ions.)  Note that, with the  exception of the  
25.833 Hz and 48.751 Hz modes, the frequencies i n  the  t ab le s  of 
Figures 25 and 27 compare qu i t e  well. And, although the  mode shapes 
have obvious l o c a l  d i s t o r t i o n s ,  the exis tence of global  mode shapes ,  
independent of shaker  loca t ion  is  apparent from these p lo ts .  
However, because of the l o c a l  bending present i n  these modes, and 
because of the lack of su f f i c i en t  instrumentation t o  measure the  t r u e  
k ine t i c  energy d i s t r ibu t ion ,  the usual  or thogonal i ty  checks t o  ve r i fy  
the q u a l i t y  of measured data could not be made. 

Note t h a t  the apparent second global truss mode was iden t i f i ed  a t  
49.75 Hz. This is not a dramatic decrease (-3.6%) from the 51.59 Hz 
mode i d e n t i f i e d  f o r  the tube diagonals configurat ion with 1 m i l  
f reep lay  discussed i n  Sect ion 6.3 (Figure 19).  

Because of l o c a l  global  coupling, 

Figure 27 presents  
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Figure 26 T e s t  Transfer Functions (Absolute Magnitude) f o r  
Box Truss with Tension Diagonals and 1 m i l  
Freeplay, Shaker a t  Node 1 4 ,  Y Motion 
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Figure 27  Measured Modes f o r  Box Truss with Tension Diagonals 
and 1 m i l  Freeplay, Shaker a t  Node 14,  Y Motion 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

The exis tence of l o c a l  pinned-pinned bending frequencies  of the 
2-meter truss member i n  the range of global  truss bending frequencies 
caused the introduct ion of a multi tude of l oca l lg loba l  bending 
modes. 
unknown and nonlinear e f f e c t s ,  such as j o i n t  f i x i t y  and l o c a l  bending 
frequency var ia t ions  due t o  o s c i l l a t i n g  loads i n  global  modes, 
a n a l y t i c a l  predict ions are uncertain.  

Theoretical/experimental cor re l a t ion  of such modes requi res  s u f f i c i e n t  
instrumentation t o  measure k i n e t i c  energy assoc ia ted  l o c a l  member 
bending. 
Consequently, with the  exception of the f i r s t  global  t r u s s  bending 
mode of the tube diagonal configurat ion,  the primary value of the  
test r e s u l t s  i s  t o  demonstrate the a n a l y t i c a l  modeling problems and 
associated cont ro l  problems t h a t  arise when loca l lg loba l  coupling 
e x i s t s .  

Because the shape and frequency of such modes depend on 

The test configurat ion lacked s u f f i c i e n t  instrumentation. 

Quant i f icat ion of the e f f e c t  of j o i n t  f reeplay  was the  only objec t ive  
m e t .  
information f o r  t h i s  object ive.  1 - m i l  f reep lay  r e su l t ed  i n  a drop i n  
frequency. 
without f reeplay and a t  17.72 Hz with f reeplay . )  
s h i f t  was consis tent  with that predicted by the  Martin Marietta 
Denver Aerospace-developed "Modal Freeplay" method, ind ica t ing  t h a t  
t h i s  method could be applied i n  fu tu re  l a rge  space s t ruc tu res .  

The tube diagonal configurat ion test  da ta  provided the 

( F i r s t  global  truss bending mode w a s  i d e n t i f i e d  a t  20 Hz 
This frequency 

Although the  measured frequency of the tension diagonal configurat ion 
was only 2.4% lower than that predicted neglect ing tension e f f e c t s ,  
no explanation f o r  t h i s  occurrence i n  terms of pretension e f f e c t s ,  
was found. Thus, the objec t ive  of assess ing  the e f f e c t s  of 
incorporat ing pretensioned diagonals was not m e t .  

Damping is  the least accurate  parameter i den t i f i ed  by curve f i t t i n g  
t e s t  t r ans fe r  functions.  Therefore,  the unce r t a in t i e s  of the 
iden t i f i ed  mode shapes and frequencies were of such magnitude as t o  
preclude any conclusions regarding the  e f f e c t  of f reeplay or preload 
on modal damping. 

7 .2  Recommendations 

Future planning of l a rge  space s t r u c t u r e s  tests should assure  that 
the t e s t  a r t i c l e  is designed so that l o c a l  element bending 
f tequencies a r e  r e l a t ed  t o  the global  system frequencies by the  same 
r a t i o  as tha t  expected i n  the  operat ional  space environment. This 
can be done by mass loading a test sec t ion  of a l a rge  space s t r u c t u r e  
or by increasing the member bending i n e r t i a  of the test s t ruc tu re .  

Conduct fu r the r  inves t iga t ions  of the box t r u s s  t e s t  art icle,  such as 
measuring actual s t i f f n e s s e s  of the  steel diagonal rods and f i t t i n g s ,  
or performing parametric analyses  t o  iden t i fy  the condi t ions that 
produced the t e  s t-observed low fundamental global  bending frequency . 
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APPENDIX A 

FINITE ELEMENT MODEL INPUT DATA 

FOR TUBE DIAGONALS CONFIGURATION 
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NODE LOCATIONS 

0.00 
0.00 
0.00 
0.00 
0.00 
0 . 0 0  

NODE 
1 1  
2 1  
3 1  
4 1  
5 1  
6 1  
7 1  
8 1  
9 1  

10 1 
1 1  1 
12 1 
13 1 
14 1 
15 1 
16 1 
17 1 
18 1 
19 1 
2 0  1 
2 1  1 
2 2  1 
23 1 
24 1 
25  1 
26 1 
27 1 
28 1 
2 9  1 
3 0  1 
3 1  1 
3 2  1 
3 3  1 
34 1 
35  1 
36 1 
37 1 
38 1 
3 9  1 
4 0  1 
4 1  1 
42 1 
43  1 
44 1 

X 
0.00 
0.00 

7 8 . 7 4  
7 8 . 7 4  

157.40  
157.40  
2 3 6 . 2 2  
2 3 6 . 2 2  
314.96  
3 1 4 . 9 6  
3 9 3 . 7 0  
3 9 3 . 7 0  
472.44  
412.44  
5 5 1 . 1 8  
5 5 1 . 1 8  
6 2 9 . 9 2  
6 2 9 . 9 2  
7 0 8 . 6 6  
7 0 8 . 6 6  
7 8 7 . 4 0  
7 0 7 . 4 0  
7 8 7 . 4 0  
7 0 8 . 6 6  
6 2 9 . 9 2  
5 5 1 . 1 0  
472.44  
3 9 3 . 7 0  
314.96  
2 3 6 . 2 2  
157.48 
7 8 . 7 4  
0.00 
0.00 

7 8 . 0 0  
157.48 
236.00  
3 1 4 . 0 0  
3 9 3 . 0 0  
4 7 2 . 0 0  
551 .OO 
6 2 9 . 0 0  
700 .oo 
1 0 7 . 0 0  

Y 
0.00 

7 8 . 7 4  
7 8 . 7 4  
0.00 
0.00 

7 0 . 7 4  
7 0 . 1 4  
0.00 
0.00 

7 0 . 7 4  
7 8 . 7 4  
0.00 
0.00 

7 8 . 7 4  
0.00 
0.00 

7 8 . 7 4  
0.00 
0.00 

7 8 . 7 4  
79 .74  
7 9 . 6 4  
7 9 . 5 4  
7 9 . 4 4  
79.34 
7 9 . 2 4  
7 9 . 1 4  
7 9 . 0 4  
7 0 . 9 4  
78 .84  
7 0 . 1 4  
0.00 

- 0 . 0 5  
-0.10 
- 0 . 1 5  
- 0 . 2 0  
- 0 . 2 5  
- 0 . 3 0  
- 0 . 3 5  
- 0 . 4 0  
- 0 . 4 5  
- 0 . 5 0  

7 8 . 7 4  

7 8 . 7 4  

- 2 0 4 . 0 0  
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  1 
- 2 0 4 . 0 0  $ 
- 2 0 4 . 0 0  p: 
- 2 0 4 . 0 0  2 
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  H 
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  w 
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  
- 2 0 4 . 0 0  
-204 .OO 
- 2 0 4 . 0 0  4 
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0 
2 

P 

h 
W e: 

401 1 2 4 
402 1 4 2 
403 2 4 1 
404 2 3 1 
405 3 4 2 
406 4 5 3 
407 3 5 4 
408 3 6 4 
409 5 6 4 
410 5 8 6 
411 6 8 5 
412 6 7 5 
413 7 8 6 
414 8 9 7 
415 7 9 8 
416 7 10 8 
417 9 10 8 
418 9 12 10 
419 10 12 9 
420 10 1 1  9 
421 1 1  45 10 
422 12 13 1 1  
423 1 1  13 12 
424 1 1  14 12 
425 13 14 12 
426 13 16 14 
427 14 16 13 
428 14 15 13 
429 15 16 14 
430 16 17 15 
431 15 17 16 
432 15 18 16 
433 17 18 16 
434 17 20 18 
435 18 20 17 
436 18 19 17 
437 19 20 18 
438 20 21 19 
439 19 21 20 
440 19 22 20 
441 21 22 20 
442 12 45 9 

0 .  1536 0.047260 
0.1536 0.047268 
0.1536 0.047260 
0.1536 0.047260 
0.1536 0.047260 
0.1536 0.047268 
0.1536 0.047260 
0.1536 0.047260 

0.1536 0.047268 

0.1536 0.047260 
0. 1536 0.047260 
0.1536 0.047260 
0.1536 0.047260 
0.1536 0.047260 

0.1536 0.047260 
0.1536 0.047260 

0.1536 0.047268 

0.1536 0.047268 

0.1536 0.047268 

o. 1536 0.047268 
o. 1536 0.047268 
o. 1536 0.047268 
0.1536 0.047260 
0 .  1536 0.047260 
0 .  1536 0.047260 
0. 1536 0.047268 
0. 1536 0.047260 
0. 1536 0.047260 
0. 1536 0.047260 
0. 1536 0.047260 
0. 1536 0.047260 
0.1536 0.047260 
0.1536 0.047260 
0. 1536 0.047260 
0.1536 0.047268 
0.1536 0.047260 
0.1536 0.047260 
0 .  1536 0.047268 
0. 1536 0.047260 
0.1536 0.047260 

0. 1536 0.047268 
o. 1536 0.047268 

0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0,03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 
0.03539 

0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 
0.023634 

0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0,023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 ~ 

0.023634 0.64 w 
0.023634 0.64 
0.023634 0.64 e: 
0.023634 0.64 W 
0.023634 0.64 2 
0.023634 0.64 e: 
0.023634 0.64 p1 

0.023634 0.64 W 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 8 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 2 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0:023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 
0.023634 0.64 

*rl 
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u) - 
0 
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m 
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m 
II 

13 
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r- 
0 
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0 
2 
w 
z; E 
G: 
42 
43 
44 
45 
46 
47 
48 
49 
50 
5 1  
52 
5 3  
54 
55  
56 
57  
58 
5 9  
6 0  
6 1  
62 
6 3  

(d 

w 
I3 
0 
0 

22 
19 
18 
15 
14 
11 
10 

7 
6 
3 
2 
1 
4 
5 
8 
9 

12 
13 
16 
17 
2 0  
21  

P 
w 
z 8 

23 
24 
25  
26  
27 
28  
29 
3 0  
3 1  
32 
3 3  
34 
35 
36 
37 
38 
39 
4 0  
4 1  
42 
4 3  
44 

(d 

H 
4 
4 w 
Pr: 
4 

0.0491 
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 .0491 
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9  1 
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  

P 

2 

z 
4 w 

0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9 1  
0 . 0 4 9  1 
0 . 0 4 9 1  

CONCENTRATED WEIGHT AT NODES 

3 THROUGH 20 = 1.22 lbs 

CONCENTRATED WEIGHT AT NODES 

1, 2, 21, 22 = .97 lbs 
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APPENDIX B 

FINITE ELEMENT MODEL INPUT DATA 

FOR TENSION DIAGONALS CONFIGURATION 
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NODE LOCATIONS 

NODE 

1 1  
2 1  
3 1  
4 1  
5 1  
6 1  
7 1  
8 1  
9 1  
10 1 
1 1  1 
12 1 
13 1 
14 1 
15 1 
16 1 
17 1 
18 1 
19 1 
20 1 
21 1 
22 1 
23 1 
24 1 
25 1 
26 1 
27 1 
28 1 
29 1 
30 1 
31 I 
32 1 
33 1 
34 1 
35 1 
36 1 
37 1 
38 1 
39 1 
40 1 
41 1 
42 1 
43 1 
44 1 
45 1 
46 1 
47 1 
48 1 
49 1 
50 1 
51 1 
52 1 
53 1 
54 1 
55 1 

X 
0.00 
0.00 

78.74 
157.48 
157.48 
236.22 
236.22 
314.96 
314.96 
393.70 
393.70 
472.44 
472.44 
551. 18 
551. 18 
629.92 
629.92 
708.66 
708.66 

787.40 
787.40 
708.66 
629.92 
551. 18 
472.44 
393.70 
314.96 
236.22 
157.48 
78.74 
0.00 
0.00 
78.00 
157.48 
236.00 
314.00 
393.00 
472 .OO 
551.00 
629.00 
708.00 
787 .OO 
393.70 
39.37 
118.11 
196.85 
275.59 
354.33 
433.07 
511.81 
590.55 
669.29 
748.03 

78.74 

787.40 

Y 
0.00 
78.74 
78.74 
0.00 
0.00 
78.74 
78.74 
0.00 
0.00 
78.74 
78.74 
0.00 
0.00 
78.74 
78.74 
0.00 
0.00 
78.74 
78.74 
0.00 
0.00 
78.74 
79.74 
79.64 
79.54 
79.44 
79.34 
79.24 
79.14 
79.04 
78.94 
78.84 
78.74 
0.00 
-0.05 
-0.10 
-0.15 
-0.20 
-0.25 
-0.30 
-0.35 
-0.40 
-0.45 
-0.50 
39.37 
39.37 
39.37 
39.37 
39.37 
39.37 
39.37 
39.37 
39.37 
39.37 
39.37 

;- 0.00 
0.00 
0.00 
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